Background
Introduction
The distribution of bacterial infectious agents in blood culture materials of sepsis patients in tropical African or Asian countries [1] [2] [3] [4] differs considerably from the situation in Western industrialized countries [5] [6] [7] . Coagulase-negative staphylococci are most frequently isolated from blood culture but can-with few exceptions-be considered as contaminants during sample acquisition. The major causative agents in the Western world comprise Gram-positive Staphylococcus aureus, Enterococcus spp., Streptococcus spp., Gram-negative Escherichia coli, Enterobacter spp., Proteus mirabilis, Klebsiella spp., Pseudomonas aeruginosa, and-in increasing proportions due to intensive care treatment-Candida spp. [5] [6] [7] . In Africa, Salmonella enterica, Mycobacterium tuberculosis, and Streptococcus pneumoniae are the predominant species isolated from bloodstream infections, followed by S. aureus and E. coli [2] . In South and South East Asia, Salmonella Typhi dominates, followed by S. aureus, E. coli, and other Gram-negative rod-shaped bacteria, while S. pneumoniae and H. influenzae are common in unvaccinated children with sepsis [3] .
Routine microbiological diagnosis of bloodstream infections remains challenging in resource-limited areas. In a recent multiplex real-time PCR-based study in rural Ghana, we showed that even automated incubation missed about one-third of Salmonella spp.-induced bacteremia [8] . Our data are in line with previous publications suggesting a higher sensitivity of Salmonella PCR compared with cultural growth in the conditions encountered in tropical Africa [9, 10] .
Considering this, we expected an even higher risk of missing bacteria that are not robust by automated incubation, resulting in a potential underestimation of their incidence in bloodstream infections. As has been known for decades, potentially relevant species such as S. pneumoniae and H. influenzae are particularly easily killed by environmental influences [11] [12] [13] [14] [15] .
Pan-bacterial PCRs target evolutionarily highly conserved genetic elements, e.g., bacterial 16S or 23S rRNA genes [16] . Such PCRs with subsequent sequence analysis are well-established techniques for the identification of bacterial pathogens [17] , allowing for the detection of a broad range of strains [18] .
Various protocols of 16S rRNA gene-based broad-range PCRs for the diagnosis of bloodstream infections have been proposed [19] . PCR of short fragments shows a higher sensitivity than PCR of longer fragments of the 16S rRNA gene, while longer fragments provide better discrimination in sequence analysis [20] . Here we used two 16S rRNA gene PCRs, one intermediate-fragment PCR and one short-fragment PCR, with consecutive sequencing on 1500 residual volumes of automatically incubated blood culture specimens from a Ghanaian blood culture study after a locally affordable, centrifugation-based enrichment of bacterial DNA [8] .
In this study, we aimed to estimate whether 16S rRNA gene-based (pan-bacterial) PCR and sequencing from automatically incubated blood culture materials in addition to cultural growth can lead to more reliable data for future epidemiological studies, particularly addressing bacteria that are easily killed by environmental influences such as S. pneumoniae or H. influenzae, which might have become autolytic prior to analysis through suboptimal conditions in the tropics, e.g., storage in tropical temperatures.
We analyzed the extent to which 16S rRNA gene sequencing leads to additional detections of blood culture pathogens in automatically incubated blood culture bottles in addition to cultural growth, and assessed the concordance of observed cultural growth with the 16S rRNA gene sequencing results. Finally, the potential suitability of 16S rRNA gene sequencing for future diagnostic purposes in the tropical setting is discussed in the light of decreasing prices for Sanger sequencing.
Materials and Methods

Analyzed specimens
Residual material of 1500 automatically incubated blood culture specimens (BACTEC Plus Aerobic F Medium/Peds Plus Medium, BD, Heidelberg, Germany), a subset of a recently described [8] sample collection from a blood culture study in rural Agogo, Ashanti Region, Ghana [4, 8, 21, 22] , was included in the analysis. The epidemiological study from which the materials were taken has been described in detail recently [8] . In summary, within a study period of 2 years beginning in 2007, bottles with BD BACTEC Plus Aerobic/F Medium for adults and BD BACTEC Peds Plus Medium for children (BD, Heidelberg, Germany) were inoculated exactly as described in the manufacturer's instructions with blood from patients with clinical signs of sepsis [8] in the Presbyterian Hospital of Agogo, Ghana. Bottles with BD BACTEC Plus Aerobic/F Medium were inoculated with 10 ml blood and bottles with BD BAC-TEC Peds Plus Medium were inoculated with 3 ml blood. Only one bottle per patient could be inoculated for organizational reasons. All suspected sepsis patients were included without any exclusion criteria. Inoculated blood culture bottles were stored at 20-30°C and transported at around 30°C in an air-conditioned car prior to incubation for 5 days in a BACTEC 9050 automated incubator (BD) at the Kumasi Centre for Collaborative Research, Kumasi, Ghana. A combined storage and transport time <24 hours was aimed for. After 5 days of automatic incubation of the inoculated blood culture bottles in the BACTEC 9050 automated incubator or when a culture was detected positive, 1 ml of the blood culture broth was obtained under sterile conditions from the BD BACTEC bottles and transferred into a sterile 1.5 ml tube (Eppendorf, Hamburg, Germany). These residual materials were stored at −80°C until further assessment in Germany. Traditional cultural growth on agar and biochemical differentiation of grown pathogens was performed in Kumasi as described below.
Characterization of culture isolates
Bacteria from all positive blood culture bottles were grown on Columbia agar enriched with 5% sheep blood, MacConkey agar, and chocolate agar (Oxoid, Wesel, Germany) under aerobic conditions. Species identity was biochemically determined by preliminary microbiological procedures such as Gram staining, cytochrome oxidase testing, pyrase testing, clumping-factor latex agglutination, plasma coagulase testing, bacitracin-inhibition testing, and optochin testing, and by specific testing including latex agglutination for streptococci, H. influenzae type B, and S. enterica, as well as API biochemical detection systems 20E, 20NE, NH, and strep (bioMeriéux, Nürtingen, Germany) at the Kumasi Centre for Collaborative Research, Kumasi, Ghana. Gram-positive staphylococci and rod-shaped bacteria with colony morphology suggesting Bacillus spp., coagulase-negative staphylococci (clumping-factor negative), Corynebacterium spp., or Micrococcus spp. were considered as contaminants due to blood sample acquisition and were discarded without further discrimination. Repeated blood cultures that might have indicated potential etiological relevance of such isolates [23] were not obtained for organizational reasons.
Sample preparation of analyzed specimens prior to PCR
The above-described residual materials from the automatically incubated blood culture materials were stored at −80°C prior to further preparation. As already detailed [8, 24] , a cheap, simple, but laborious and time-consuming in-house centrifugation scheme, consisting of several steps, had been used to remove the erythrocytes and to enrich the target organisms. In brief, sedimentation of erythrocytes of 1 ml blood culture medium was performed at 140 × g for 10 minutes. The supernatant (800 μl) was transferred into another tube and the sediment was discarded. The 800 μl supernatant was mixed with 400 μl double-distilled water to lyse remaining erythrocytes. Bacteria were sedimented at 750 × g for 10 minutes and the supernatant was discarded. The pellet was re-suspended, washed in 1 ml double-distilled water, and again centrifuged at 750 × g for 10 minutes with the supernatant being discarded and the pellet being re-suspended in 200 μl double-distilled water. After incubation for 10 minutes at 95°C, 2 μl aliquots and 2.5 μl aliquots for subsequent PCR analysis were prepared. As previously demonstrated [8] , this procedure was associated with a low sample inhibition rate of 4%. Prior to PCR, all samples that had undergone this enrichment of bacterial DNA were stored at −20°C.
PCR
Two different, previously described SybrGreen 16S rRNA gene real-time PCRs were performed from the purified samples on a Rotor Gene 6000 real-time rotary analyzer (Corbett Life Science, Qiagen, Hamburg, Germany). First, an intermediate-fragment PCR protocol targeting a 917-base-pair fragment [25, 26] was performed (Fig 1, Table 1 ). Subsequently, a short-fragment PCR protocol targeting a 357-base-pair fragment as previously described for joint fluids [27] with minor modifications was added for all samples that remained negative with the first PCR (Fig 1, Table 1 ). The primers of this SybrGreen PCR were selected from a variety of tested oligonucleotides [27] . Positive (DNA of a clinical Salmonella enterica Typhimurium isolate in three decadic logarithmic dilution steps, the highest concentration adjusted to a cycle threshold [Ct]-value of 20) and negative (PCR-grade water) amplification controls were included in each run. If a positive signal was found in the negative control sample or vice versa, the whole PCR run was repeated.
No inhibition control PCRs were performed. The previously determined inhibition rate of 4% [8] was adopted for this retrospective analysis as a rough assumption, although the 357-base-pair SybrGreen approach has been shown to be particularly prone to inhibition [27] . The cut-off for specific amplification was set at a Ct-value of 30.
As previously detailed [27] , SybrGreen-based 16S rRNA gene PCR does not result in flat curves even with negative samples or negative control samples. Negative samples show a Ctvalue around 30, so the cut-off was set at this value. Of note, this cut-off may vary for different PCR reagents and platforms. Using the SYBR Green PCR Master Mix reagent (Applied Biosystems, Waltham, Massachusetts, USA) on an ABI PRISM 7000 Seq detector system thermocycler (Applied Biosystems) for the 357-base-pair PCR, Ct-values of 38-39 were observed for negative control samples and Ct-values of 30-36 for positive samples [27] . On the Rotor Gene 6000 thermocycler, in contrast, the mean Ct-value even of presumed technical contaminations in culture-negative, PCR-positive samples was as low as 23.5, although low copy numbers are likely in case of such contaminations (S1 Table) . For discrimination of positive and negative samples, melting-curve analysis is necessary. Positive samples show clear-cut peaks at 89°C (± 1.5°C standard deviation) for the 917-base-pair fragment PCR and 89.5°C (± 1°C standard deviation) for the 357-base-pair fragment PCR. The differences of the melting temperatures of DNA amplicons from different species are too low to allow for any discrimination as described [27] . Negative samples are associated with melting peaks at 78.5°C (± 1°C standard deviation) for the 917-base-pair fragment PCR and 83°C (± 0.5°C standard deviation) for the 357-basepair fragment PCR or, in rare instances, no clearly distinguishable melting peak at all (S1 Fig) .
In such instances of irregular or missing melting peaks, no amplicon-specific bands are detectable in electrophoresis and sequencing attempts fail to provide bacterial sequences as described [27] . All samples containing Streptococcus pneumoniae DNA without S. pneumoniae in agar culture and all samples containing Streptococcus spp. DNA other than S. pyogenes or S. agalactiae were additionally analyzed by superoxide dismutase (sodA) gene sequencing as described [28] (Fig 1, Table 1 ) to ensure sufficient discrimination at species level within the S. mitis group.
Sequencing and sequence analysis
Prior to sequencing, amplified DNA was purified using the NAT Clean-up/Nucleospin Extrakt II kit (Macherey & Nagel, Düren, Germany) according to the manufacturer's instructions. Sequencing of the forward and reverse strands was performed by SeqLab Sequence Laboratories Göttingen GmbH (Göttingen, Germany). Sequence results were visually controlled, manually edited using the software "FinchTV" version 1.4.0 (Geospiza, Inc., Seattle, WA, USA) and "Nucleic acid sequence massager" (Attotron Biotechnologies Corporation, http://www. attotron.com/), and manually aligned. The resulting sequence was subsequently compared with deposited sequence information using the BLAST algorithm (http://blast.ncbi.nlm.nih. gov/Blast.cgi/). Sequence analysis was performed as follows, taking account of the suggestions of the CLSI (Clinical and Laboratory Standards Institute) guideline MM18-A "Interpretive Criteria for Identification of Bacteria and Fungi by DNA Target Sequencing; Approved Guideline" [29] . In detail, 99% identity was demanded for identifications at species level, 97% identity for identifications at genus level. Worse scores due to poor sequence quality were considered as noninterpretable results. Also, 0.8% separation between different species was demanded.
No sequence information from this study was deposited in databases such as NCBI GenBank since no well-characterized strains were sequenced whose sequences might be a contribution to well-defined databases. Rather, sequence analysis was merely used for identification by sequence comparison with deposited sequence information.
Interpretation in case of culture-negative, PCR-positive samples
In the case of positive PCR results in culture-negative samples, the possibility of technical contamination with bacterial DNA during sample preparation, including transfer from the blood culture bottles to the sample tubes and the DNA preparation itself, had to be considered. Technical contamination was distinguished from clinical contamination, i.e., the inoculation of vital bacteria from the skin into the blood culture bottle during sample acquisition, as described below. For the technical evaluation described here, only technical contamination was of interest.
The criteria for defining a positive PCR result without cultural growth as a technical contamination were unlikely etiological relevance, i.e., the identification of environmental species, and frequent detection of species by PCR only although cultural growth under aerobic conditions would have been expected for the respective species. There was necessarily a certain degree of subjectivity, as is typical for medical decisions. Alicycliphilus spp., Alphaproteobacteriaceae, Bacillus halodurans, Bacterium spp., Balneomonas spp., Bradyrhizobium spp., Caulobacter spp., Cloacibacterium normanense, cocci (not further defined), Diaphorobacter spp., Flexibacteriaceae, Janibacter spp., Luteimonas spp., Riemerella spp., Sporichtya spp., and Thermonema spp. as well as multiply superimposing sequences were assigned as technical contaminations. For the assignment of a sequence to the technical contamination group, sequence results of worse than 97% sequence identity with deposited reference sequences were accepted. Poor sequence quality in these cases was attributed to the low initial quantities of DNA that are typical for technical contaminations.
In addition to the group of suspected technical contaminations, there were several results of uncertain clinical importance. If the sequence quality of potentially etiologically relevant bacteria fell below the threshold of 97% sequence identity, the result was considered non-interpretable and thus uncertain. This group of uncertain results comprised further potential clinical contaminants, presumably resulting from non-sterile blood sample acquisition, and causative agents of transient bacteremia, e.g., due to gingival lesions of patients' oral cavities, irrespective of the sequence quality. Bacillus spp., Micrococcus spp., Mycobacterium spp., Staphylococcus epidermidis, Staphylococcus spp., and Streptococcus gallolyticus ssp. pasteurianus were assigned to this group. Only one blood culture bottle per patient was available, so repeated detections could not be used for the assignment of potential etiological relevance.
Finally, a group of sequence results with potential etiological relevance in culture-negative samples was defined, which comprised sequences of etiologically relevant pathogens with a sequence quality 97%, thus at least allowing for an assignment at genus level and suggesting a need for a therapeutic intervention.
Ct-value analysis
The 16S rRNA gene PCRs were not designed for quantification of DNA copies. Cycle threshold (Ct-)value analysis should allow a relative comparison of bacterial density in the samples. The Ct-value analysis was attempted to assess the likelihood of contamination, as these values are inversely correlated with DNA copy numbers in real-time PCR. Low copy numbers might indicate technical sample contamination.
Statistics
The Ct-values of culture-positive and culture-negative samples with positive PCR results, and, within the latter, of the "technical contamination" subgroup and the "etiologically relevant" subgroup, were compared using the non-parametric Mann-Whitney test (GraphPad InStat, version 3.06, GraphPad Software Inc., La Jolla, CA, USA), because the test values did not pass normality testing (KS-test, GraphPad InStat). Two-tailed P-values were provided. These analyses were purely explorative and P-values are only descriptive, without defined cut-off values.
Ethics
The study complied with the principles of the Helsinki Declaration of 1975 and with all subsequent amendments by the World Medical Assembly. Written informed consent of all study participants was obtained. If minors/children were enrolled in the study, written informed consent of the next to kin, caretakers, or guardians was obtained. Ethical approval for the study was guaranteed by the Committee on Human Research, Publications and Ethics, School of Medical Sciences, Kwame Nkrumah University, Kumasi, Ghana and the Institutional Review Board of the International Vaccine Institute, Seoul, Korea.
Results
Cultural growth
Bacterial growth was detected in 191 of 1500 aerobic blood cultures (12.7%). Strains of 93 culture-positive samples (6.2%) were considered as skin or environmental contaminants, including Bacillus spp., coagulase-negative staphylococci, Corynebacterium spp., Micrococcus spp., and Rhizobium radiobacter. The other 98 samples (6.5%) included potentially etiologically relevant non-fermenting, Gram-negative rod-shaped bacteria such as Acinetobacter spp., Pseudomonas spp., Sphingomonas paucimobilis; Enterobacteriaceae such as Escherichia spp., Enterobacter spp., Klebsiella pneumoniae, Salmonella spp., and Serratia spp.; Gram-positive cocci such as Staphylococcus aureus and Streptococcus spp.; and fastidious Gram-negative rodshaped bacteria such as Haemophilus influenzae (Tables 2-4) .
Comparison of cultural growth and 16S rRNA gene PCRs
The combined use of both the 917 bp and 357 bp 16S rRNA gene PCRs in the stepwise diagnostic approach led to positive PCR results in all but two positive blood cultures. Moreover, PCR was positive in 360 blood culture samples without cultural growth ( Table 2 ). The distribution of the detection of potentially etiologically relevant pathogens and presumed contaminants is detailed below as well as the identification pattern by the two-step PCR protocol. (Table 3 ). In 21 instances (11.0%), culture and PCR/sequencing led to discordant results. In 15 cases (7.9%), sequence quality was too poor for an assignment at species or genus level. In 34 instances (17.8%), comprising 4 Gramnegative, rod-shaped bacteria (2.1%), PCR remained negative ( Table 3 ). The 917 bp fragment 16S rRNA gene PCR was positive in 99 additional samples that remained negative in BACTEC automated blood culture ( Table 5 ). The 357 bp fragment 16S rRNA gene PCR that was performed with all samples that remained negative in the 917 bp fragment 16S rRNA gene was positive in an additional 293 instances (Fig 1) . It increased the number of concordant identifications at species level by 3 of 34 (8.8%) to a total of 65 (34.0%), the number of concordant identifications at genus level by 3 of 34 (8.8%) to a total of 62 (32.5%), the number of discordant results by 16 of 34 (47.1%) to a total of 37 (19.4%), and the number of non-interpretable sequencing results by 10 of 34 (29.4%) to a total of 25 (13.1%). Only 2 samples (1.0%) with cultural growth of Bacillus spp. and Micrococcus spp., respectively, remained negative in both PCRs (Tables 2 and 4 ). The number of additional positive PCRs in culture-negative samples was increased by 261 to a total of 360 (Table 5) .
Among the isolates with suspected clinical relevance, the 917 bp fragment 16S rRNA gene PCR failed to identify 1 E. coli, 1 P. aeruginosa, 1 Pseudomonas sp., 1 Salmonella sp., 8 S. aureus at species level, 1 S. pyogenes, 2 Streptococcus spp. Lancefield type G, and 1 Streptococcus sp. of the viridians group, i.e., 16 out of 98 strains (16.3%), even if identification of 2 S. agalactiae and 1 S. pneumoniae at genus level only is accepted as sufficient for a therapeutic decision (Table 3) . Among these failed identifications, the 357 bp fragment 16S rRNA gene PCR additionally recovered 1 S. aureus and 1 S. pyogenes at species level, and 1 Streptococcus sp. Lancefield type G at genus level (Table 4) , decreasing the number of missed important strains to 13 out of 98 (13.3%).
In three samples, from which the culture isolates were identified as coagulase-negative Staphylococcus spp., sequencing resulted in the identification of Pseudomonas sp., S. aureus, and Sphingomonas sp., respectively. Only one 1 out of 11 supposed Corynebacterium spp. isolates was confirmed as such on sequence basis, while in 2 of these samples Arthrobacter spp., potential causes of infectious endocarditis [30] , were identified by sequence analysis. In one sample with Acinetobacter sp. in culture, sequencing detected Bacillus sp., a likely confusion as Acinetobacter spp. are pleomorphic Gram-labile rod-shaped bacteria. In 5 instances of etiologically relevant S. aureus growth, 2 instances of S. agalactiae growth and 1 instance of S. pneumoniae growth, sequencing allowed identification at genus level only (Tables 3 and 4) .
Additional positive sequence results in culture-negative samples
Regarding the additional sequence results of PCR-positive but culture-negative samples, the 917 bp fragment 16S rRNA gene PCR showed 40 out of 99 positive results (40.4%) with a suspected therapeutic relevance; the 357 bp fragment 16S rRNA gene PCR showed a further 22 out of 261 results (8.4%). Sequences of non-fermentative Gram-negative rod-shaped bacteria such as Acinetobacter spp., Brevundimonas spp., Pseudomonas spp., Stenotrophomonas spp.; Enterobacteriaceae such as Escherichia spp., Enterobacter spp., Ewingella spp., Klebsiella pneumoniae, Salmonella spp., Serratia spp., and Yersinia spp.; Gram-positive S. pneumoniae and S. pyogenes; systemically spreading Gram-negative cocci, i.e., Neisseria spp. and Moraxella spp., and micro-aerophilic pathogens such as Campylobacter spp. or anaerobic pathogens like Clostridium spp. were subjectively considered as etiologically relevant (Table 5) .
Additional information regarding the presumptive etiological agent of sepsis was obtained for 2.7% (40/1500) of the samples by the 917 bp fragment 16S rRNA gene PCR and by the combined use of both PCRs for as many as 4.1% (62/1500), thus increasing the proportion of suspected etiologically relevant blood culture pathogens detected by the combination of culture (Table 5) .
Ct-value analysis
Comparison of the Ct-values of positive PCRs of the groups with culture-positive samples and culture-negative samples showed significantly lower Ct-values for the culture-positive group in the Mann-Whitney test for both PCR assays (S1 Table) . However, the mean values were so close to each other that no cut-off value could be defined. Within the PCR-positive, culturenegative group, the subgroups with suspected etiologically relevant pathogens and with presumed technical contaminants showed different reaction patterns for the two PCR assays. The group with potentially etiologically relevant pathogens showed significantly lower Ct-values than that with suspected technical contaminants for the 917 bp 16S rRNA gene PCR. For the 357 bp 16S rRNA gene PCR, the result was exactly the opposite and also significant (S1 Table) , not allowing for any further interpretation.
sodA sequencing sodA-sequencing confirmed 3 S. pneumoniae that were identified by 16S rRNA gene PCR in culture-negative samples and identified S. pneumoniae DNA in a further culture-negative sample in which the quality of the 16S rRNA sequence was too poor for an identification even at genus level (Table 5) .
Discussion
In the study described here, an intermediate-fragment real-time 917 bp 16S rRNA gene PCR protocol [25, 26] and also a short-fragment 357 bp 16S rRNA gene PCR protocol [27] were applied to a subset of blood culture materials from a study conducted in Ghana [4, 8, 21, 22] . From the optimization efforts mentioned including testing of various primer pairs to achieve optimum results from articular fluids of septic arthritis patients [27] , the superiority of the 357 bp 16S rRNA gene PCR in terms of sensitivity from primary patient materials was assumed. In contrast, the 917 bp approached is routinely used for sequencing from culture material [25, 26] in our laboratory and was not especially designed for PCR from primary patient materials. Accordingly, the 357 bp PCR was used in a stepwise approach if the 917 bp PCR, allowing better discrimination due to the longer sequence fragment, remained negative. No additional direct comparison of the two protocols was either intended or possible, because the two sets of primers were not used on the same specimens. If the 357-base pair primers had been tried first, it is likely that the 917-base pair ones tried second would have picked up some positives that the 357-base pair primers missed. The analysis was undertaken to determine the concordance between the diagnosis after classical blood culture and that after PCR of automatically incubated blood and sequencing. The hypothesis was that culture might miss a high proportion of easily killed blood culture pathogens, for example, due to suboptimal storage and transport conditions in the tropics as previously discussed [8] . Under these circumstances, multiplex real-time PCR for enteropathogenic bacteria resulted in an additional one-third of Salmonella spp. detections in materials from this study [8] . By our analysis we aimed to determine whether 16S rRNA gene sequencing might result in better sensitivity for epidemiological studies in the tropics in times of decreasing prices for Sanger sequencing, and, in the intermediate term, might even be a diagnostic option. When interpreting the results, one has to bear in mind that neither the presence of vital bacteria nor positive 16S rRNA gene PCR indicates clinical relevance, because both are prone to contamination and the latter to amplification of non-vital bacterial DNA fragments.
Sequencing from blood culture broth allowed for the identification of one-third of the isolated bacteria at species level and another one-third at genus level. In most cases, sequencebased identification at genus level would have led to the same therapeutic decisions concerning antibiotic therapy as identification at species level, if local resistance surveillance information was available. Of course, sequence-based identification is no replacement for resistance testing.
Genus-level identifications are usually acceptable for estimation of the etiological relevance of most Enterobacteriaceae. However, the inadequate identification of 5 S. aureus isolates only as Staphylococcus spp. is troubling, because Staphylococcus spp. are common contaminants from the cutaneous flora [23] . Accordingly, a correct sequence-based identification of only 2 out of 9 biochemically confirmed S. aureus at species level is an unacceptably poor result. In contrast, only 1 S. aureus detection by PCR was missed by agar culture. Similarly, the incomplete identification of 2 S. agalactiae strains and 1 S. pneumoniae strain as Streptococcus spp. is unacceptable, as both species can be associated with meningitis, particularly in children.
The 37 occasions showing a different species diagnosis in blood culture and on molecular analysis were difficult to interpret. Probable contaminants such as Bacillus spp., coagulase-negative staphylococci, Corynebacterium spp., or Micrococcus spp. were only crudely assessed after positive blood culture, i.e., by colony morphology and Gram staining. Biochemical classification was usually not done. It is likely, for example, that an atypical-looking S. aureus has been confused with a coagulase-negative staphylococcus, or an Arthrobacter sp. with Corynebacterium sp. The confusion of potentially etiologically relevant species such as Arthrobacter spp. [30] with skin contaminants such as Corynebacterium spp. may be deleterious for the patient. Discordant results regarding Gram-negative rod-shaped bacteria might reflect occasional chance errors in interpreting API results or, alternatively, atypical reaction patterns of individual isolates in the tropics. However, the infrequently observed discordances between biochemical identification and sequencing within the Enterobacteriaceae and non-fermentative rodshaped bacteria would usually have been of minor therapeutic relevance. Gram-lability (e.g., due to antibiotic therapy) might have resulted in the occasionally observed confusion of Grampositive and Gram-negative organisms.
Altogether, sequencing results discordant with culture by the 917 bp PCR seemed more likely to identify etiologically relevant pathogens than discordant results of the 357 bp PCR. For the latter, the primers seem to have bound to technical contaminants such as Diaphorobacter spp. more readily than to the genuine pathogen. This problem of selective binding affinities of pan-eubacterial primers is known from microbiome projects [31] .
The noticeably low Ct-values of samples with suspected technical contaminations, Ct-values of 21-23, suggesting relatively high loads of contaminant DNA, remain puzzling. Interestingly, similarly low Ct-values due to amplification of contaminant DNA have recently been observed for panfungal PCRs from paraffin-embedded, formalin-fixed tissue of patients with invasive tropical mycoses (see supplementary materials of [32] ). Both the source and the extent of any potential reproduction of contaminants prior to sample freezing remain unclear and this cannot be resolved by the data assessed, which is an undeniable limitation of the study. The plastic tubes where the samples had been deposited in Ghana or the tubes that were used for the centrifugation process might be potential sources, but this is merely speculative. Such a common source might explain the low heterogeneity of the observed technical contaminations, next to preferential primer binding affinities to certain contaminants as previously observed [31, 32] . The analysis of empty tubes might have confirmed or excluded this hypothesis, but was not performed. In the light of this, we recommend that negative controls from all charges of disposable materials that are used for the pre-analytic process should be included in similar future studies.
The proportion of non-interpretable sequences due to poor sequence quality or overlays of different sequences in contaminated samples or samples containing more than one pathogen was pleasingly low. Although software-based algorithms to separate different overlaying sequences have been described [33] , we did not apply such procedures.
The negative PCR results observed in spite of cultural growth are troubling. While the negative 917 bp PCR results for Gram-negative bacteria were within the known and expected inhibition rate of 4% of the analyzed samples [8] , 25% of Gram-positive bacteria were missed. A total of 83.4% of these 25% Gram-positive bacteria were presumably contaminations occurring during sample acquisition.
The centrifugation-based DNA preparation protocol that we used is cheap and easy to apply. However, it contains no steps to break the murein wall of Gram-positive bacteria, leading to low amounts of DNA of Gram-positive pathogens. Such centrifugation-based losses can explain the high percentage of missed Gram-positive bacteria. For the same reason, MALDI--TOF-MS (matrix-assisted laser-desorption-ionization time-of-flight mass spectrometry) from blood culture materials shows reduced diagnostic accuracy for Gram-positive pathogens [24] . Future studies should address this limitation by including appropriate digestion steps.
Although the centrifugation-associated loss of Gram-positive pathogens, which tend to form clusters with similar sedimentation characteristics as erythrocytes, had been expected based on previous study results [24] , the cheap and easy-to-apply centrifugation approach that had led to acceptable results with Gram-negative pathogens [8] was chosen for the analysis. Alternative manual nucleic acid extraction with the Qiamp DNA Mini Kit (Qiagen, Hilden, Germany) and automated extraction using a QIAsymphony (Qiagen) system had been associated with considerable PCR inhibition if directly applied with blood culture material from BD blood culture bottles in previous tests before the study was conducted (data not shown). Therefore, commercial nucleic acid extraction kits were not considered any further for use in the study.
The 917 bp PCR identified the majority of pathogens in culture-positive samples, while additional etiologically relevant detections due to the subsequent use of the 357 bp PCR were almost negligible. Regarding culture-negative, PCR-positive samples, the proportion of presumably etiologically relevant detections was increased by one-third from 2.7% to 4.1% by the addition of the short-fragment 357 bp PCR. Compared with culturally grown bacteria with presumptive etiological relevance, there was an increase from 98/1500 (6.5%) to 160/1500 (10.7%) due to the combination of culture and 16S rRNA gene sequencing.
These data are well in line with our previous study showing an increased yield of Salmonella spp.-positive samples by one-third with a real-time multiplex PCR for enteropathogenic bacteria from the same materials, possibly reflecting suboptimal storage and transport conditions of the blood culture bottles in the tropics as discussed [8] . A disproportionately increased detection of particularly easily killed bacteria such as S. pneumoniae or H. influenzae [11] [12] [13] [14] [15] was not observed, however. 16S and sodA sequencing led to an increase of S. pneumoniae detections by one-third from 12 to 16, in the same range as for salmonellae. Additional H. influenzae-positive samples were not detected by sequencing, possibly reflecting a successful vaccination scheme in Ghana, where invasive H. influenzae infections were formerly more common [34] . Accordingly, conclusions cannot be drawn regarding the sensitivity of PCR for the purpose of H. influenzae detection in blood culture.
Assignment of etiological relevance in culture-negative samples is often debatable. For example, the detection of Acinetobacter spp. was considered potentially relevant because bacteremia due to Acinetobacter spp. in severely ill patients has been described [35] , although Acinetobacter spp. are a common colonizer of the intact skin as well [36] . Neisseria sp. was classified as a pathogen on the assumption that it was Neisseria meningitides or N. gonorrhoeae, and Moraxella sp. was considered to be Moraxella catarrhalis, although contamination with oral flora in the course of the sample preparation cannot be excluded. In contrast, DNA remnants of alpha-hemolytic streptococci were assigned to uncertain clinical relevance as a potential consequence of inappropriate oral hygiene of the patient, although infectious endocarditis is not excluded in such instances. Similarly, the clinical impact of the not-further-defined Mycobacterium sp. was interpreted with care. Admittedly, the choice may have included a certain degree of subjectivity and might have been decided otherwise in a few instances, reflecting the difficulties in interpreting the clinical relevance of microbiological diagnostic results.
The fact that only one blood culture bottle per patient was inoculated is an undeniable limitation of the study because it does not allow for any estimation of potential etiological relevance if typical skin colonizers are detected. Accordingly, conclusions on the frequency of blood stream infections due to typical skin colonizers in Ghana cannot be drawn from this study and would go beyond the scope of this work.
The proportion of samples with presumed technical contamination increased from 2.8% in the 917 bp PCR to 16.5% with the addition of the short-fragment 357 bp PCR. This observation emphasizes the disadvantages of highly sensitive short-range PCRs in an environment of contamination risk [37] , because the detection of technical contaminations may distract from the real cause of the patients' pathology. Accordingly, the importance of a thorough interpretation of sequence results after pan-eubacterial PCR has to be stressed. As stated above, potential sources of contamination might be the transfer from the blood culture bottle to the storage tube in Ghana, or the centrifugation-based DNA enrichment in Germany. In ultrasensitive 16S rRNA gene sequence PCRs, even DNA contamination of PCR reagents may play a critical role in false-positive detections [38, 39] . Automated DNA extraction procedures that are applicable to blood culture broths may reduce contamination in future studies. Although a cheap centrifugation-based sample preparation may be sufficient for specific PCRs [8] , pan-eubacterial PCRs seem to be too susceptible to contamination for such approaches. As discussed above, semiquantitative comparison of Ct-values was not a reliable marker for a priori discrimination of technical contaminations from vital pathogens in our analysis.
The high rate of observed technical contaminations limits the undeniable benefit of 62 out of 160 (38.8%) more detections of potentially etiologically relevant organisms. The interpretation of the results requires experience in medical microbiology and close cooperation with the clinician in charge. As an element of such cooperation, the clinician should provide any information that might affect the sensitivity of blood culture on the delivery note, e.g., about current antibiotic therapies and about any deviations from the manufacturer's instructions during the inoculation of blood culture bottles. As is typical for microbiological routine diagnostics, such information was provided infrequently and was of poor quality during this assessment, representing a further limitation of the study. Accordingly, any corresponding analyses would be biased and therefore were not performed. However, the negligible Ct-value differences of culture-positive and culture-negative samples with positive PCR results suggest that lack of bacterial growth in the blood culture bottle was not a major reason for the observed discrepancy between PCR results and cultural results.
It remains speculative and cannot be assessed from the available data how many blood culture bottles actually suffer not from lack of growth but from exhausted growth. However, the low Ct-values obtained for culture-negative, PCR-positive samples suggest a considerable proportion. Indeed, the methods used for analyzing the blood culture bottles on the BACTEC instrument were sub-optimal. In fact, the bottles were put on the instrument regardless of whether they had already turned positive in the time between collection and the arrival in the laboratory. This is an undeniable limitation of the study and a highly likely reason why so many Enterobacteriaceae, which are easy to grow, difficult to kill, and usually signal positive in blood culture bottles monitored automatically after about 24 hours, were missed by culture. That these specimens were called negative for growth simply because there was no positive signal without consequent blind culturing on agar in all instances is an error in culture technique that should not be repeated in future sepsis studies in the tropics. This error can be corrected easily and cheaply by blind sub-culturing at arrival and at 24-48 hours incubation in the laboratory, a procedure that is within the constraints found even in resource-limited settings.
Additional procedural shortcomings have to be stressed that limit the interpretability of the results and might in part explain the comparably poor performance of the cultural approach. First of all, the lack of continuous control and monitoring of both storage and transport time and temperature may be an important reason for the discrepancy between culture and PCR/ sequencing methods. Although missing data do not allow for a thorough assessment, it is highly likely that there is a correlation of discrepancies between culture and PCR/sequence methods in the specimens with the length of transport times. Further, primary Gram-staining should have been done from all positive blood culture bottles. This might have allowed for the isolation of difficult to grow Campylobacter spp., which were identified by PCR alone in the previous study [8] , by creating micro-aerophilic growth conditions and using appropriate media such as Karmali agar (Oxoid), if any tiny curved Gram-negative structures were observed. Further, sub-culturing conditions of the positive blood culture bottles might have been improved by using a CO 2 incubator to facilitate the growth of Neisseria spp., Haemophilus spp., and S. pneumoniae.
Although the continuous provision of supply for a CO 2 incubator may be difficult in resource-limited tropical settings, monitoring of storage and transport times and conditions and primary Gram-staining of material from all positive blood culture bottles always seems possible with realistic effort. If adequate storage and transport conditions cannot be maintained for logistic reasons, so that exhausted growth within the blood culture bottle has to be expected, blind sub-culturing at arrival and at 24-48 hours incubation in the laboratory should always be performed in order not to miss vital pathogens. With implementation of these simple and cheap procedures, it should be possible to increase the performance of culture-based blood culture diagnostics in the tropical setting and to achieve better cultural results than in the study described here.
Promising alternative technologies are emerging. MALDI-TOF-MS shows reliable results when applied to automatically incubated blood culture samples [24] , particularly after optimized prior centrifugation protocols [40] . However, the performance of MALDI-TOF-MS remains unclear in samples in which the blood culture pathogen dies relatively quickly after sample acquisition due to inappropriate transport and storage conditions, so DNA-based approaches might be superior. However, particularly in cases of low DNA amounts, contamination-free sample preparation is essential for DNA-based diagnostic assays.
Regarding the currently observed contamination rates, the interpretation of the results requires skills and expertise in clinical microbiology and infectious diseases. Nevertheless, an increase in potentially relevant diagnostic findings in blood culture materials by more than one-third justifies further attempts to optimize sequence-based diagnostic techniques to identify blood culture pathogens in septic patients, at least for epidemiological studies under unfavorable pre-analytic conditions. If pre-analytic conditions for cultural diagnostic approaches can be optimized, however, the additional benefit of the sequencing approach will presumably be less. For settings with restricted pre-analytic conditions, such as in resource-limited tropical areas, the results of this study and the previously published one [8] challenge the status of traditional blood culture based on automated incubation as the gold standard in sepsis diagnostics.
As well as contamination risks, an awkward procedure, relatively high costs of USD 30-50 per sample, and a time-to-result of several days limit the use of the method we describe for sepsis patients in resource-limited tropical settings. Even if the workflow is optimized, PCR and sequencing will demand 2-3 days for the long-fragment approach, 3-5 days if the short-fragment PCR/sequencing approach has subsequently to be added due to a negative result in the long-fragment PCR. For epidemiological assessments, for which time-to-result is less important, the price is still considerable. However, in times of progressive automation and falling sequencing costs, making even next-generation sequencing (NGS) runs already available for a few hundred US dollars nowadays [41] , these problems might be overcome in the next few years.
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